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ABSTRACT 
 This study aims to compare physical properties of denture base resin after staining 
by beverages, treatment by four cleaning methods, and selecting the optimal cleaning 
method. 
 Two hundred and ninety square Lucitone dental acrylic specimens were 
fabricated. Three relevant experiences are performed. Part I will compare cleaning 
methods effects on physical properties of denture resin. The purpose of this part is to test 
the effects of different cleaning methods on the physical properties of the denture resin on 
ideal condition (without stain). Part II will compare staining effects on denture resin. The 
purpose of this part is to find the impact of different dyes on the physical properties of the 
denture resin without cleaning. Part III will compare staining and cleaning effects on 
denture resin. The purpose of this part is to select the best cleaning methods with less 
defect and more efficient for denture cleaning. 
 
 vi 
 Significance differences are found between different cleaning methods and stains. 
For all stain, denture cleanser combined brushing is more efficient to remove the stain 
than other cleaning methods. However, this method causes significate damage to denture 
base resin. Meanwhile, ultrasonic combine denture cleanser showed lower changes in 
surface roughness, weight and thickness, and higher surface hardness. In red wine 
staining, cleaning denture with ultrasound only showed lower differences and higher 
surface hardness. 
 Within the scope of this study, the optimal selections of denture base cleaning 
methods for different stains are suggested. For coffee and tea stains, ultrasonication after 
cleanser application causes fewer effects on physical properties and better efficiency for 
stain removal than other cleaning methods. For red wine stains, cleaning dentures with 
ultrasound only cause a fewer impact on material properties and more efficient stain 
removal. 
 In the clinic, home-care and cleaning protocol should explain to denture patient at 
the delivery appointment. Instead of giving the universal instruction, customization 
cleaning protocols are preferred to individual patients. Social hobbies especially diet of 
the patient should be analyzed individually. According to the present study, a customized 
combined cleaning protocol can recommend to the individual patient and the 
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 In the growing population of elderly patients using denture, prevention and 
protection staining with less defect of denture need to be highlighted with precaution. 
Denture hygiene is important because dentures are used by the patients throughout the 
day and are in constant touch with the oral environment including various 
microorganisms.[1] Poor denture hygiene is a risk for oral infections and systemic 
dissemination.[2] According to Sumi et al. research, denture base may act as a reservoir 
for bacteria causing aspiration pneumonia, opportunistic infections, and endocarditis.[3] 
Therefore, effective denture care is necessary to prevent these diseases, especially in an 
aging society. Home care instructions are requested to provide to patients during the 
denture placement appointments help in the maintenance of a healthy mucosa. Denture 
hygiene instruction is an element of general health. However, previous studies have 
reported that most of the edentulous patients wearing dentures are unaware of how to 
maintain them.[4,5] 
 
2. Denture Base Resin 
 Polymethyl methacrylate (PMMA) was introduced in 1933 by Dr. Walter Wright, 
and since then it has been successfully used for fabrication of denture bases, artificial 
teeth, and impression trays and many other applications in dentistry.[6] PMMA is still the 
most commonly used denture base resin as they have less cost, easy manipulation, easy 
construction method, and easiness of repair as compared to other materials available for 
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fabrication of denture.[7] Even though a variety of materials has been used for the 
manufacturing of the denture bases over the years, most denture materials are porous 
acrylic resins. The porous acrylic resins may damage because of its low abrasion 
resistance. This abrasion can lead more easy bacteria to adhere to a denture surface when 
it is scratched and worn due to an incorrect cleaning method.[8] Also, water is quickly 
absorbed in the porous acrylic resins, so that when denture hygiene is neglected, the 
denture becomes stained and unpleasant-smelling, with resulting bad breath.[9,10] It is not 
only influence patients’ satisfaction with usage but also invades the general health.  
 
3. Denture Cleaning Methods 
 There are three principal methods for cleaning of dentures: mechanical, chemical, 
and combinations of both. 
 
3.1 Mechanical Cleaning Methods 
 Brushing is routinely and widely used mechanical methods by the patients. The 
association of toothbrush and dentifrice is the most common method for denture hygiene 
because it is cheap and effective on denture cleansing.[11-14] A systematic review by de 
Souza et al.[15] reported that brushing is more effective than placebo at reducing plaque 
coverage and microbial counts of anaerobes and aerobes on the complete denture base. 
However, these findings are not generalizable due to the wide range of different 
interventions and outcome variables. Meanwhile, evidence has shown that brushing alone 
is not sufficient to remove denture plaque and chemical cleaning is also needed.[16,17] A 
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few specific references on In vivo abrasion studies due to the difficulties of method 
standardization. In most of in vitro studies, the researchers concentrate in standardize 
time, speed, the frequency of brushes’ strokes, applied load and the amount of 
dentifrice.[18,19]  
 Although brushing is one of the popular methods of denture care, it may damage 
the acrylic resin because of the wear effects of abrasion. The magnitude of surface 
abrasion caused by tooth-brushing depends on such factors as:  
 a. Bristle stiffness;  
 b. Toothbrushing technique;  
 c. Brushing force;  
 d. The frequency of brushing;  
 e. The hardness of the denture base material.[20] 
 This abrasion caused by brushing may result in following consequences:  
 a. Weight loss;  
 b. Surface roughness;  
 c. Loss of surface polishing;  
 d. Loss of surface detail;  
 e. Affect the fit and esthetic of the prosthesis;  
 f. The maintenance of denture hygiene becomes difficult.[21,22]  
 This mode of cleaning, however, is not without its drawbacks as the abrasion 
resistance of acrylic resin is considered to be far from ideal in the clinical situation.[23] 
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 Another kind of mechanical methods for denture cleaning is using ultrasonic 
energy. Ultrasonic vibrations are used in cavity preparation and in cleaning instruments. 
The ultrasonic devices convert electrical energy into mechanical energy at the frequency 
of sound waves (above the range of normal hearing, 20,000 cycles per second).[24] Sonic 
cleansers, by contrast, use vibratory energy, not the ultrasonic energy to clean the 
denture. Because of the convenience availability of commercial sonic denture cleansing 
units, many recently developed devices use ultrasonic energy to clean dentures. 
 Two crucial apprehensions need to be cleared when applying ultrasonic energy to 
denture acrylic. Firstly, the possible effect of ultrasonic on the stability of denture acrylic. 
There only two articles evaluate this question. In 1960, Peyton[25] stated that the order of 
increasing resistance to thermal distortion is polyvinyl acrylics (130℉ to 170℉), 
polymethyl methacrylate (160℉ to 195℉), and polystyrenes (160℉ to 210℉). When 
working these denture materials, the temperatures of solutions in ultrasonic devices must 
be kept well below these temperatures or thermal distortion could occur. In 1972, Morris 
and Elliott reported that the cleaning solution in ultrasonic devices would not reach the 
temperatures which temporarily distorted methyl methacrylate denture bases in a one-
hour ultrasonic bath. However, the temperature of the ultrasonic bath reached 146F after 
two and half hours which would cause permanent distortion of polyvinyl acrylic resins. 
According to their article, the ultrasonic cleaning procedure produced no permanent 
dimensional deformation of methyl-methacrylate resin denture bases processed by the 
heat-curing or fluid resin techniques. Ultrasonic cleaning devices should be checked 
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periodically to assure that their operating temperatures remain below levels that could 
cause thermal distortion.[26] 
 Secondly, the efficiency of ultrasonic devices in cleaning denture base should also 
consider. Conflict results can be found during the literature review. Budtz-Jorgensen 
contends that ultrasonic agitation is not an efficient method for removing adherent dental 
plaque.[27] Muenchinger[28] found that ultrasonic and denture cleanser soaking methods 
were comparable, and both were relatively ineffective in removing accumulated plaque 
and calculus. Myerson and Krol[29] reported that a sonic action denture cleansing program 
was effective in removing calculus in a variety of situations and was also valid to an 
extent for removing cigarette and coffee stains. Abelson[24] found the plaque removal 
effectiveness of the ultrasonic device tested, when used with water alone, was found to be 
substantially higher than that of two popular alkaline-peroxide soak-type denture 
cleansers, Efferdent and Polident. In summary, it is no certain conclusion of ultrasonic 
efficiency in denture cleaning. 
 
3.2 Chemical Cleaning Method 
 The chemical method of denture cleaning involves soaking the denture in 
cleansers. For particular patients who have Alzheimer's disease, or low motor capacity, 
the use of chemical agents may be the only method of denture care.[5] Commercial 
denture cleansers contain following components: peroxides, enzymes, acids, 
hypochlorite, and disinfecting agents. The main element of denture cleanser is peroxide 
which subsequently releases oxygen, thereby enabling a mechanical cleaning by the 
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oxygen bubbles in addition to the chemical cleaning.[27] The oxidant agents help to 
remove stains and have some antibacterial action.[30] This type of solution can be used 
alone or in combination with a mechanical method.[31-34] Chemical cleansing by denture 
cleansers is reported as the first choice for denture plaque control.[35] However, problems 
still state when using denture cleansers. According to Kiat[36], the most common 
problems while using denture cleansers are hardening, porosity, odor sorption, water 
sorption, solubility, and color change, bacterial and fungal growth. An ideal denture 
cleanser should be biocompatible, bactericidal, fungicidal, harmless, and nontoxic to the 
structure of denture. It also should be effectively removed deposits and easy to use.[37]  
 
3.3 Combination of Mechanical and Chemical Cleaning Methods 
 Combination of mechanical and chemical cleaning methods on denture base resin 
is widely studied.  Paranhos et al.[38] demonstrated that a combination of mechanical and 
chemical methods was more effective at reducing microbial biofilms on denture resin 
than the chemical method alone. An in vivo study by Dills et al.[17] reported that 
mechanical and chemical methods were more effective for reducing plaque 
microorganisms, and a combination of mechanical and chemical techniques was more 
effective than mechanical and chemical methods alone. Summary of the previous studies, 
it appears that mechanical or chemical techniques alone are insufficient for adequate 
denture cleaning, but a combination of the two is more effective.[39-44] 
 Brushing and soaking in a cleanser is most popular combine methods 
recommended by America Dental Association (ADA). According to Budtz-Jorgensen,[45] 
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this combination is most efficient methods to remove both the stain and the microbial 
biofilms. According to the ADA protocol, the recommended cleaning for all denture 
patients is put into denture cleanser once per week and brush the denture afterward. 
However, Baba et al.[46] have found this combination will cause significant damage to 
denture base resin including rough and soft the surface.  
 Combine treatment with ultrasonic and denture cleanser is first introduced by 
Neill et al. in 1968.[47] According to their study, ultrasonic treatment of dentures in 
disinfectant solutions increases the disinfectant’s effectiveness and does not deteriorate 
the polished denture surface. A few years later, Abelson[24] reported that a commercial 
ultrasonic denture cleaner combined denture cleanser was substantially better in plaque 
removal than ultrasonic only cleaning method. The ultrasonic device used only tap water, 
which indicated that the observed cleaning action was related only to sonic cavitation, not 
to particular chemicals. A more recent study by Nishi[48] concluded that ultrasonic 
cleaning combined with immersion in a peroxide-based cleanser solution effectively 
reduces the number of micro-organisms surviving on dentures and is a suitable method 
for elderly individuals who find brushing their dentures difficult.  
 Despite the advantage and disadvantage of the diffident combination of denture 
cleaning methods. Ideally, a cleaning method should be effective without detrimental 
effects on the properties of materials used for fabrication of denture base. Although the 
comparison of chemical techniques and brushing is relatively common, the comparison of 




4. Evaluation Methods  
 The evaluation of denture cleaning is an important measure that can show the 
effects of different cleaning methods, contributes to patient’s health, denture longevity, 
and overall quality of life. Properties that are mainly affected by both mechanical and 
chemical cleaning methods are color, surface roughness, mass, thickness, and hardness, 
and these are very important for long-term success of any prosthesis.[49] The color change 
is an indicator of denture stain, damage, or aging. It is also the monitor of staining 
remove the ability of different methods and provide valuable information on the 
serviceability of denture cleaning. The roughness of the denture acrylic surface is an 
essential indicator of damage and abrasion on the denture. It is the first alarm of defection 
on denture base. Also, the adhesion of microorganisms to a surface is a prerequisite for 
the colonization.[7] Weight and thickness changes are a further indicator of abrasion and 
wear of denture base resin. Loss of weight or thickness is relevant with both loss surface 
and internal structure of denture acrylic. The surface hardness of denture base resin is 
indicative of the ease of finishing off a material, as well as its resistance to in-service 
scratching during cleaning procedures.[9] 
 
5. Study Design 
 In this study, three relevant experiences are performed. Part I will compare 
cleaning methods effects on physical properties of denture resin. The purpose of this part 
is to test the effects of different cleaning methods on the physical properties of the 
denture resin on ideal condition (without stain). Part II will compare staining effects on 
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denture resin. In this part, stains are the only variable. The purpose of this part is to find 
the impact of different dyes on the physical properties of the denture resin without 
cleaning. Part III will compare staining and cleaning effects on denture resin. The 
purpose of this part is to select the best cleaning methods with less defect and more 
efficient for denture cleaning. 
 
6. Aims 
 The aims of this study are: 
 1. Compare effects on physical properties of different cleaning methods; 
 2. Compare staining effects of different beverages on denture resins; 
 3. Select the optimal cleaning methods for denture resins. 
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II. MATERIALS AND METHODS 




290 specimens were fabricated as square (20x20x2 mm) [Fig.2.1]. Lucitone Fas-
Por+ Self-curing dental base resin (Dentsply Ind. USA) [Fig. 2.2] was manipulated, 
packed into a Lab-made metal matrix, and polymerized according to the manufacturer’s 
instructions in a pressure pot (Ivomat, Dentek. INC, Buffalo, USA).[1] [Fig. 2.3] 
 
 





The excess of polymerized resin was cut off with tungsten carbide drill (Buffalo 
Dental, NY, USA) using low-speed micromotor (Henry Schein Inc. UK). Both flat sides 
of each specimen were polished in the horizontal lathe spindle (AutoMet 250/300, 
Buehler, IL, USA) with 70-, 45-, 15-um silicon carbide paper. [Fig. 2.4] On one of the 
Figure 2.2 Lucitone Fas-Por+ Self-curing dental base resin 
 




flat faces of each specimen, the polishing was performed with a polishing cloth and 1 um 
supreme polycrystalline diamond suspension (Buehler,USA) at low speed (200 rpm) in 
the horizontal lathe spindle. After polishing, the final thicknesses of specimens were 
checked with a CD-6 CSX-B digital caliper (Mitutoyo, Tokyo, Japan). 
 
 
The specimens received three markings craving by diamond drill on the lateral 
side. After the markings, the specimens were stored in distilled water at 37°C for 50 ± 2 
h, to eliminate the residual monomer.[2]  
 Denture cleanser: Polident Overnight Whitening denture cleanser (Gaxo Simth 
Kline Consumer Healthcare, L.P. Moon Township, PA, USA). [Fig. 2.5] Principal 
ingredients: Sodium Bicarbonate, Citric Acid, Potassium monopersulfate, Sodium 
Figure 2.4 Horizontal lathe spindle (AutoMet 250/300) 
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Carbonate, Sodium Percarbonate, Peracetic acid, Sodium Benzoate, PEG-180, Sodium 
Lauryl Sulfoacetate, Aroma, VP/VA Copolymer, Blue 1 aluminum lake, Blue 2.  
 
 
Filtered coffee (100% Colombian coffee, Kirkland, Seattle, WA, USA), red wine 
(Central Valley Frontera Chile, Vina Conchay Toro, SA, Chile) and tea (Lipton, [orange 
pekoe and pekoe cut black tea], Unilever, Englewood Cliffs, NJ, USA) were used as 
staining solutions in this study and all solutions were prepared according to 
manufacturers’ instructions. The coffee solution was prepared by adding 50 g of coffee to 
500 ml of boiled water, stirring for 10 mins and filtered. Tea solution was prepared by 
immersing five teabags (10 g) into 500 ml of boiled water, stirring for 10 mins and 
filtered.[3] 
Figure 2.5 Polident Overnight Whitening denture cleanser  
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2. Immersion and Cleaning Procedures 
2.1 Part I. Compare cleaning methods effects on physical properties of denture resin. 
 In this part, 50 samples were randomly selected, and the specimens were 
distributing into following groups (n=10): [Table 2.1] 
Cleanser + Brush (Group A): Immersion in denture cleanser and brushing with 
distilled water;  
Cleanser + Ultrasound (Group B): Immersion in denture cleanser and cleaning in 
ultrasonic cleaner;  
Brush Only (Group C): Immersion in distilled water and brushing with distilled 
water;  
Ultrasound Only (Group D): Immersion in distilled water and cleaning in 
ultrasonic cleaner;   
Control (Group E): Immersion in distilled water.  
 
Table 2.1 Sample Distribution in Part I Test 
Group Brush Ultrasound Cleanser 
A. Cleanser + Brush + - + 
B. Cleanser + Ultrasound - + + 
C. Brush + - - 
D. Ultrasound - + - 




 The specimens were immersed in distilled water for 14 h to simulate the weekly 
exposure time (2 h x 7 days).[4] After the storage, the specimens were taken out of the 
solutions, and they were rinsed in running water and air-dried for 10 s. 
 After that, the specimens were experimented as follow: [Table 2.2] 
Cleanser + Brush (Group A): Immersion in denture cleanser for 8h and brushing 
with distilled water in brushing machine for 3 mins (70 cycles/min, 210 cycles);  
Cleanser + Ultrasound (Group B): Immersion in denture cleanser for 8 h and 
cleaning in ultrasonic cleaner for 15 mins; 
Brush Only (Group C): Immersion in distilled water for 8 h and brushing with 
distilled water for 3 mins; 
Ultrasound Only (Group D): Immersion in distilled water for 8h and cleaning in 
ultrasonic cleaner for 15 mins; 
Control (Group E): Immersion in distilled water for 8 h (overnight). 
 
Table 2.2 Treatment Performance in Part I Test 
Group Treatment 
A. Cleanser + Brush Cleanser 8h  Brush 210 cycles  Water 14h 
B. Cleanser + Ultrasound Cleanser 8h  Ultrasound 15 min  Water 14h 
C. Brush Water 8h  Brush 210 cycles  Water 14h  
D. Ultrasound Water 8h  Ultrasound 15 min  Water 14h 





The brushing test was carried out using a custom-made toothbrushing machine 
(DC Motor 4Z528, Dayton, IL, USA). [Fig. 2.6] The device allowed four specimens to be 
brushed simultaneously with a frequency of 70 rpm (on Level 30). The course covered by 
the brush corresponded to 3 cm, and the load of the tooth brushing was standardized at 
200 gf (ISO/DTS 145692)[5]. The toothbrushes were cut at the neck and fixed by screws 
placed on the sides and the top of the support for the brush. The correct adjustment of 
these screws allowed the leveling of the appropriate brush. The type of toothbrush (Oral-
B Indicator soft regular 40, Oral-B Inc., Toronto, Canada) used in the present study had a 
rounded end, uniform length, flexibility, and 38 tufts (40 sticks per tuft) of smooth 
bristles, with 0.25 mm in diameter and 10 mm of height.[6] According to Sexson and 




Phillips[7] reported, 10,000 brushing cycles in this machine can represent one-year usage 
of the denture. Brushing test designs as brushing with distilled water in brushing machine 
for 3 mins (70 cycles/min, 210 cycles) which can represent one-week usage of the 
denture. 
 
The ultrasonic test was designed as soaking samples in an ultrasonic cleaner 
(Quantrex 140, L&R, New Jersey, USA, output frequency 43kHz) for 15min and 
temperature was monitored blew 120℉.[8] [Fig. 2.7] 
 Then, all the specimens were rinsed in running water, and air-dried and the tests 
were performed. In this manner, the weekly procedure completed. Afterward, the samples 
were immersed in fresh distilled water for 14 h and then into new denture cleansers or 
Figure 2.7 Ultrasonic cleaner (Quantrex 140) 
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distilled water for 8 h, as described. This cycle was repeated 48 times to simulate the 12-
month usage of the denture.  
 The specimens were evaluated by following tests: weight measurement, thickness 
measurement, surface roughness, surface hardness, color measurement and SEM at 
baseline (before immersion),12th, 24th, 36th, 48th cycles. 
 
2.2 Part II. Compare staining effects on denture resin. 
 In this part, 40 samples were randomly selected, and the specimens were 
distributing into following groups (n=10): [Table 2.3] 
Control (Group I): Immersion in distilled water; 
Coffee (Group II): Immersion in coffee; 
Tea (Group III): Immersion in tea;  
Red Wine (Group IV): Immersion in red wine.  
 
Table 2.3 Sample Distribution in Part II Test 
Group Treatment 
I. Control Immersion in distilled water 14h 
II. Coffee Immersion in coffee 14h 
III. Tea Immersion in tea 14h 




 The specimens were immersed in staining solutions and distilled water for 14 h to 
simulate the weekly exposure time (2 h x 7 days) with the beverages.[4] After the storage, 
the specimens were taken out of the solutions, and they were rinsed in running water and 
air-dried for 10 s. 
 After that, the specimens were immersed in distilled water for 8 h (overnight). 
Then, all the specimens were rinsed in running water and air-dried, and the tests were 
performed. In this manner, the weekly procedure was completed. Afterward, the 
specimens were immersed in fresh staining solutions for 14 h and then into fresh denture 
cleansers or distilled water for 8 h, as described. This cycle was repeated 48 times to 
simulate the 12-month usage of the denture. All tests that described above were repeated 
at the baseline, 12th, 24th, 36th, 48th cycles. 
 
2.3 Part III. Compare staining and cleaning effects on denture resin.  
 In this part, 200 samples were present. There are two variables in this study: 
cleaning methods and staining. 
 In the first layer, the specimens were distributed into five groups depending on 
different cleaning methods (n=10). [Table 2.4] 
 Group A (Cleanser + Brush): Immersion in denture cleanser and brushing with 
distilled water;  
 Group B (Cleanser + Ultrasound): Immersion in denture cleanser and cleaning in 
ultrasonic cleaner;  
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 Group C (Brush Only): Immersion in distilled water and brushing with distilled 
water;  
 Group D (Ultrasound Only): Immersion in distilled water and cleaning in 
ultrasonic cleaner;   
 Group E (Control): Immersion in distilled water and no treatment. 
 
Table 2.4 Sample Distribution in Part III Test (Groups) 
Group Brush Ultrasound Cleanser 
A. Cleanser + Brush + - + 
B. Cleanser + Ultrasound - + + 
C. Brush + - - 
D. Ultrasound - + - 
E. Control - - - 
 
 In the second layer, the specimens were distributed into four subgroups according 
to different staining solutions (n=10). [Table 2.5] 
 Subgroup I: Distilled water (control subgroups) 
 Subgroup II: Coffee staining 
 Subgroup III: Tea staining 





Table 2.5 Sample Distribution in Part III Test (Subgroups) 
Subgroup Treatment 
I. Control Immersion in distilled water 14h 
II. Coffee Immersion in coffee 14h 
III. Tea Immersion in tea 14h 
IV. Red Wine Immersion in red wine 14h 
 
 In total, the specimens were divided into 20 groups coded as follows: COCB, 
CFCB, TACB, RWCB; COCU, CFCU, TACU, RWCU; COBO, CFBO, TABO, RWBO; 
COUO, CFUO, TAUO, RWUO; COCO, CFCO, TACO, RWCO. (A I, A II, A III, A IV; 






The specimens were immersed in staining solutions or distilled water (control 
group) for 14 h to simulate the weekly exposure time (2 h x 7 days) with the beverages. 
Figure 2.9 Specimens soaking protocols 




[4] After the storage, the specimens were taken out of the solutions and they were rinsed 
in running water and air-dried for 10s. [Fig. 2.9] 
 After that, the specimens were experimented as follow: [Table 2.6 and Figure 
2.10, 2.11] 
Group A (Cleanser + Brush): Immersion in denture cleanser for 8h and brushing 
with distilled water in brushing machine for 3 mins (70 cycles/min, 210 cycles);  
Group B (Cleanser + Ultrasound): Immersion in denture cleanser for 8 h and 
cleaning in ultrasonic cleaner for 15 mins; 
Group C (Brush Only): Immersion in distilled water for 8 h and brushing with 
distilled water for 3 mins; 
Group D (Ultrasound Only): Immersion in distilled water for 8 h and cleaning in 
ultrasonic cleaner for 15 mins; 
Group E (Control): Immersion in distilled water for 8 h (overnight). 
 
Table 2.6 Treatment Performance in Part III Test 
Group Treatment 
A. Cleanser + Brush Cleanser 8h  Brush 210 cycles  Stain 14h 
B. Cleanser + Ultrasound Cleanser 8h  Ultrasound 15 min  Stain 14h 
C. Brush Water 8h  Brush 210 cycles  Stain 14h  
D. Ultrasound Water 8h  Ultrasound 15 min  Stain 14h 





 After that, the specimens were immersed in distilled water for 8 h (overnight). 
Then, all the specimens were rinsed in running water and air-dried, and the tests were 
performed. In this manner, the weekly procedure was completed. Afterward, the 
specimens were immersed in fresh staining solutions for 14 h and then into fresh denture 
cleansers or distilled water for 8 h, as described. This cycle was repeated 48 times to 
simulate the 12-month usage of the denture. All tests that described above were repeated 
at the baseline, 12th, 24th, 36th, 48th cycles. 
Figure 2.10 Treatment performance in part III test 
Staining solutions 14hr
(Coffee, Tea, Red wine, Water)
Denture cleanser 8hr
(Group A and B)
Distilled water 8hr














Test Point  
Figure 2.11 Design and treatment in part III test 
 
31 
3. Test-series:  
3.1 Surface roughness  
 The surface roughness (Ra) of the test samples was measured with a profilometer 
(SJ-201P, Mitutoyo Corp, Kawasaki, Japan), using a 0.4-gf load for 5 s, where a stylus 
traverses the surface, and an amplified trace of the profile is provided. [Fig. 2.12] The 
resolution of the data was 0.01 μm. The specimens were fixed on the profilometer 
measuring table with a double-sided tape. For each specimen, three readings were 
performed 4.0 mm in length and the cutoff value of 0.8 mm at a speed of 0.1 mm/s in the 
regions corresponding to the marks of the specimens. The roughness of each specimen 
was calculated by the arithmetic mean of three measurements (μm). The alteration in 
surface roughness (∆Ra) was obtained by the difference between the roughness after 
immersion and baseline values.[1] 
 Surface roughness was standardized for all resins before immersion in solutions,  
Figure 2.12 Surface roughness profilometer (SJ-201P) 
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but all of them were standardized in their group. The Ra value is the arithmetic average 
of all samples of the profile through the mean sample length. One operator recorded all 
measurements. 
 
3.2 Weight measurement  
 The weight of each specimen was measured using an electronic balance (AB204-
SRS, Mettler Toledo, Switzerland) before and after brushing or ultrasonic cleaning. [Fig. 
2.13] The weight loss was calculated as the differences between initial mass and mass 
after brushing or ultrasonic cleaning. The resolution of the balance is 0.0001g. 
 
 
3.3 Thickness measurement  
 The thickness of each specimen was measured using a CD-6 CSX-B digital 
caliper (Mitutoyo, Tokyo, Japan) before and after brushing or ultrasonic cleaning. [Fig. 
2.14] The thickness loss was calculated as the differences between initial thickness and 
thickness after brushing or ultrasonic cleaning. The resolution of the balance is 0.001mm. 




3.4 Color measurement  
 The color and color difference of each specimen was measured using a 
spectrophotometer (Color I5, X rite GretagMacbeth, Mochenwangen, Germany) against a 
gray background with a lightness level of 6 Gray background. The diameter of the 
measurement aperture was 6 mm; the illumination and light beam angle were 90 degrees. 
[Fig. 2.15] 
  
Figure 2.14 Thickness measurement digital caliper (CD-6 CSX-B) 
Figure 2.15 Color measurement spectrophotometer (Color I5) 
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 Measuring characteristics of the spectrophotometer were: standard illuminant UV 
Filter (UV Energy UVD65 Cal); Reflectance mode; 240 mins calibration interval, and 
light source with the visible spectrum (360 to 750 nm) were used.[9] The 
spectrophotometer was calibrated according to the manufacturer's instructions using the 
supplied white and black calibration standard. Values were recorded in the CIE L*a*b*  
color system. The CIE L*a*b* system is an approximately uniform color space with 
coordinates for lightness, i.e., white-black (L*), red-green (a*), and yellow-blue (b*). The 
values for ∆L*, ∆a* and ∆b*, corresponding to the difference of the values L*, a*, b*, 
respectively, were calculated automatically at baseline and after immersion procedure. 
The total color alteration (∆E) was calculated from the following equation: ∆E* = 




3.5 Surface hardness: Vickers hardness  
 The Vickers hardness (VHN) of the test samples was measured with a 
Microhardness Tester (Micromet 2003, Buehler, Illinois, USA) using a 100-gf load for 30 
s.[10] [Fig. 2.16] The diagonals of the pyramid impressed on the specimen by the Vickers 
diamond indenter were measured and noted. The VHN value is the arithmetic average of 
the three measurements taken for each sample. One operator recorded all. The mean 
Vickers hardness number was then calculated for each sample, and the average value was 
used to provide an overall mean value representative of the materials after immersion in 
cleaning solutions. 
 
Figure 2.16. Surface hardness Vickers hardness  
microhardness tester (Micromet 2003) 
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3.6 Scanning electron microscopy (SEM) 
 Scanning electron microscopy images (SU6600, Hitachi, Japan) were taken to 
observe the surface topography of some samples at end of the all other tests. [Fig. 2.17] 
The samples were sputter coated with Au-Pd to a thickness of approximately 5 nm. The 
500x and 1500x magnification images were recorded.   
 
4. Statistical Analysis  
 All data is collected and imported into IBM® SPSS® (SPSS Inc., IBM 
Corporation, NY, USA) Statistics Version 19 for Windows. The code is writing and 
modified in SPSS and the following test is made: (original code showed in Figure 2.18) 
 1) Descriptive Statistics; 
 2) Repeated Measures General Linear Model: 
Figure 2.17 Scanning electron microscopy (SU6600) 
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  2.1) Mauchly's test of sphericity:  
  2.2) Tests of Between-Subjects Effects and Test of Within-Subject 
 Effects: Main effect; Time effect; Interaction between treatment effects and 
 time effects. 𝛼 = 0.05 
 3) Multiple comparison tests: When Time effect 𝑃 < 0.05 
  3.1) Test of Normality:  
  n < 25, read Shapiro-Wilk test result,  𝛼 = 0.1 
  3.2) Comparison tests:  
  When all dates were adequately normally distributed, 𝑃 > 0.1, read 
 Independent Samples Tests results, otherwise read Nonparametric Test  results. 
 The result is read and summarized. Data is exported to Excel and the original 
code is exported to Word for further usage.  
 All data is analyzed in SPSS software in Repeat Measurement General Linear 
Model. Multiple comparison Friedman tests are run to evaluating the main effect 
(treatment), time effect, and interaction between treatment effects and time effects. (  𝛼 =





For the best selection of cleaning methods in Part III, 48th cycles’ data is imported 
to JMP statistical software version 10.0.0 (SAS Institute Inc., Cary, NC, USA) in the 
Least Squares Fit Model. Maximal desirability predictor is made depending on following 
desirability and priority: 




 a. Surface roughness (Ra, um):  
  Desirability – Minimum, Importance – 1st  
 b. Color changes (∆E): 
  Desirability – Minimum, Importance – 2nd  
 c. Surface hardness VHN (kg/mm2):  
  Desirability – Maximum, Importance – 3rd 
 d. Weight changes (g):  
  Desirability – Match target (Medium=0), Importance – 4th  
 e. Thickness changes (mm):  
  Desirability – Match target (Medium=0), Importance – 5th 
Predictor profiler is analyzed and explored. 
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1. Part I. Compare Cleaning Methods Effects on Physical Properties of Denture 
Resin. 
 Figure 3.1 and Table 3.1 are the summary of surface roughness changes for 
different cleaning methods. 
  
  
Following results can be drawn from this figure: 
 1) In cleanser combined brushing group, the surface roughness is significant 
raises compare to all other groups. This result shows the denture resin surface is severely 
damaged in this cleaning protocol, which combines soaking in cleanser and brushing. 










Cleanser + Brush 0.014 0.031 0.046 0.103 0.162
Cleanser + Ultrasound 0.017 0.021 0.044 0.044 0.049
Brush 0.016 0.025 0.044 0.060 0.081
Ultrasound 0.018 0.019 0.024 0.039 0.040
















 2) In ultrasonic cleaning only group, the surface roughness raises less than all 
other treatment groups, and no significant difference can detect comparing to control 
group. This result indicates ultrasound cleaning does not cause considerable denture 
surface damage and the damage is the least in all other cleaning protocols. 
 








Brush Ultrasound Control 
Baseline 
Mean 0.014  0.017  0.016  0.018  0.016  
SD 0.006  0.007  0.008  0.008  0.007  
12th 
cycles 
Mean 0.031  0.021  0.025  0.019  0.017  
SD 0.018  0.008  0.010  0.007  0.006  
24th 
cycles 
Mean 0.046  0.044  0.044  0.024  0.021  
SD 0.028  0.020  0.023  0.010  0.007  
36th 
cycles 
Mean 0.103  0.044  0.060  0.039  0.020  
SD 0.038  0.028  0.015  0.013  0.006  
48th 
cycles 
Mean 0.162  0.049  0.081  0.040  0.020  






 Comparing the SEM images of this groups [Fig. 3.2] and control groups [Fig. 
3.3], it shows noticeable scratch in cleanser combined brushing sample.  
  
Figure 3.3 SEM image of control groups (no treatment) sample (500X) Figure 3.2 SEM image of cleanser combined brushing sample (500X) 















Figure 3.4 SEM image of ultrasonic cleaning sample (500X) 
showing small cavity. 
Figure 3.3 SEM image of control groups (no treatment) sample (500X) 
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 Table 3.2 shows the summary of multiple comparison tests between each cleaning 
protocols. 
Table 3.2 Summary of Multiple Comparison Tests P-values  









Cleanser + Brush vs. Brush 0.005 <0.001 0.004 36th cycles 
Cleanser + Ultrasound vs. 
Ultrasound 
0.980 0.002 0.710 N/A 
Cleanser + Brush vs.  
Cleanser + Ultrasound 
<0.001 <0.001 <0.001 24th cycles 
Brush vs. Ultrasound <0.001 <0.001 <0.001 12th cycles 
Cleanser + Brush vs. Control <0.001 <0.001 <0.001 12th cycles 
Cleanser + Ultrasound vs. 
Control 
0.169 0.012 0.534 N/A 
Brush vs. Control <0.001 <0.001 <0.001 12th cycles 
Ultrasound vs. Control 0.141 0.004 0.684 N/A 
*When 𝑃 < 0.05 detected in the multiple comparison tests of Between-Subjects effects 
  
Following results can be found from this table: 
 1) In the comparisons between cleanser combined brushing and brushing only 
groups, the main effect is significant, which means denture cleanser is responsible for 
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surface roughness changes. This result indicates cleanser plays an important role for 
denture surface damage when combining with brushing cleaning.  
 Comparing the SEM images of cleanser combined brushing sample [Fig. 3.5] and 




Figure 3.5 SEM image of cleanser combined brushing sample (1500X) 
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Figure 3.6 SEM image of brushing only sample (1500X) 
Figure 3.7 SEM image of cleanser combined ultrasound sample (1500X)  
 
48 
 2) In the comparisons between cleanser combined ultrasonic and ultrasonic 
cleaning only groups, the main effect is not significant, which means cleanser is not the 
main factor of surface roughness changes when ultrasonic cleaning is applied.  
Comparing the SEM images of cleanser combined ultrasound sample [Fig. 3.7] 




 3) In the comparisons between cleanser combined brushing and cleanser 
combined ultrasonic cleaning groups, the main effect, which is the mechanical cleaning 
methods, is significant. This result shows when cleanser applied brushing causes 
noteworthy damage on denture base compare to ultrasonic cleaning. 
Figure 3.8 SEM image of ultrasound only sample (1500X). 
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 Comparing the SEM images of cleanser combined brushing samples [Fig. 3.9] 
and cleanser combined ultrasound sample [Fig. 3.10], it shows the cleanser combined 




Figure 3.9 SEM image of cleanser combined brushing sample (100X) 
Figure 3.10 SEM image of cleanser combined ultrasound sample (100X) 
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 4) In all the comparisons between treatment and control (no treatment) groups, 
only ultrasonic and cleanser combine ultrasonic groups show no significant difference 
changes of surface roughness. This result indicates these two protocols cause the least 
damage of denture surface in all cleaning protocols. 
 
  
Comparing the SEM images of cleanser combined ultrasound sample [Fig. 3.10], 
ultrasonic cleaning only sample [Fig. 3.11], and control (no treatment) sample [Fig. 3.12]. 
it looks similar in all samples. 
 
 




 5) Also, in the comparisons between treatment and control (no treatment) groups, 
surface roughness changes are detected at the end of 12th cycles treatment. [Table 3.3] 
This result indicates the defection of denture happens after three months usage of the 








Figure 3.12 SEM image of control groups (no treatment) sample (100X) 
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Table 3.3 Summary of Multiple Comparison Tests of Between-Subjects Effects  










Cleanser + Brush vs. Brush 0.360 0.540 <0.001 <0.001 
Cleanser + Ultrasound vs. 
Ultrasound 
0.414 0.538 0.399 0.683 
Cleanser + Brush vs.  
Cleanser + Ultrasound 
0.064 <0.001 <0.001 <0.001 
Brush vs. Ultrasound 0.011 <0.001 <0.001 <0.001 
Cleanser + Brush vs. Control 0.006 <0.001 <0.001 <0.001 
Cleanser + Ultrasound vs. 
Control 
0.211 0.689 0.750 0.068 
Brush vs. Control 0.003 0.001 <0.001 <0.001 
























Cleanser + Brush 0.0000 -0.0355 -0.0528 -0.0706 -0.0885
Cleanser + Ultrasound 0.0000 0.0022 0.0006 0.0023 0.0018
Brush 0.0000 -0.0223 -0.0359 -0.0443 -0.0449
Ultrasound 0.0000 -0.0002 -0.0005 -0.0007 -0.0012

























Brush Ultrasound Control 
12th 
cycles 
Mean -0.0355 0.0022 -0.0223 -0.0002 0.0011 
SD 0.0040 0.0238 0.0221 0.0101 0.0194  
24th 
cycles 
Mean -0.0528 0.0006 -0.0359 -0.0005 0.0000 
SD 0.0026 0.0182 0.0028 0.0014 0.0003  
36th 
cycles 
Mean -0.0706 0.0023 -0.0443 -0.0007 -0.0010 
SD 0.0034 0.1709 0.0036 0.0014 0.0003  
48th 
cycles 
Mean -0.0885 0.0018 -0.0449 -0.0012 -0.0006 
SD 0.0044 0.0005 0.0037 0.0016 0.0018  
 
 Following results can conclude from this figure: 
 1) In cleanser combined brushing group, the weight is significantly lost compare 
to all other groups. This result shows the denture resin is severe damage in this cleaning 
protocol, which combines soaking in cleanser and brushing. 
 2) In ultrasonic cleaning only group, the weight drops less than all other treatment 
groups, and no significant difference can be found compared to control group. This result 
indicates ultrasound cleaning does not cause considerable damage to the denture and the 




Table 3.5 Summary of Multiple Comparison Tests P-values  









Cleanser + Brush vs. Brush 0.270 <0.001 <0.001 48th cycles 
Cleanser + Ultrasound vs. 
Ultrasound 
0.008 0.963 0.994 N/A 
Cleanser + Brush vs.  
Cleanser + Ultrasound 
<0.001 0.026 0.021 12th cycles 
Brush vs. Ultrasound 0.875 <0.001 <0.001 N/A 
Cleanser + Brush vs. Control 0.162 <0.001 <0.001 36th cycles 
Cleanser + Ultrasound vs. 
Control 
0.004 0.949 0.942 N/A 
Brush vs. Control 0.933 <0.001 <0.001 N/A 
Ultrasound vs. Control 0.744 0.502 0.717 N/A 
*When 𝑃 < 0.05 detected in the multiple comparison tests of Between-Subjects effects 
  
Table 3.5 shows the summary of multiple comparison tests between each cleaning 
protocols in weight changes. 
 Following results can conclude from this table: 
 1) In the comparisons between cleanser combined brushing and cleanser 
combined ultrasonic cleaning groups, the main effect, which is the cleanser, is significant. 
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This result showed when cleanser applied brushing causes significant damage on denture 
base compare to ultrasonic cleaning. 
 2) In all the comparisons between treatment and control (no treatment) groups, 
only cleanser combined brushing group shows significant difference changes of weight. 
This result indicates this protocol causes the most damage of denture base in all cleaning 
protocols. 
 The results are similar to the findings in surface roughness, which indicate the 
loss of weight is homologous with surface roughness changes. Compare to the surface 
roughness changes, weight changes results are less apparent, which indicate weight is a 




Table 3.6 Summary of Multiple Comparison Tests of Between-Subjects Effects  










Cleanser + Brush vs. Brush 0.404 0.320 0.174 0.048 
Cleanser + Ultrasound vs. 
Ultrasound 
N/A N/A N/A N/A 
Cleanser + Brush vs.  
Cleanser + Ultrasound 
0.001 <0.001 0.005 <0.001 
Brush vs. Ultrasound 0.917 0.686 0.471 0.468 
Cleanser + Brush vs. Control 0.466 0.117 0.018 0.002 
Cleanser + Ultrasound vs. 
Control 
N/A N/A N/A N/A 
Brush vs. Control 0.761 0.864 0.645 0.617 





















Cleanser + Brush 0.0000 -0.0231 -0.0506 -0.0776 -0.0916
Cleanser + Ultrasound 0.0000 -0.0002 -0.0005 -0.0006 -0.0003
Brush 0.0000 -0.0280 -0.0420 -0.0614 -0.0757
Ultrasound 0.0000 0.0003 -0.0001 -0.0014 -0.0017





















Brush Ultrasound Control 
12th 
cycles 
Mean -0.0231 -0.0002 -0.0280 0.0003 0.0007 
SD 0.0354 0.0310 0.0329 0.0356 0.0329 
24th 
cycles 
Mean -0.0506 -0.0005 -0.0420 -0.0001 0.0011 
SD 0.0379 0.0363 0.0335 0.0265 0.0315 
36th 
cycles 
Mean -0.0776 -0.0006 -0.0614 -0.0014 -0.0002 
SD 0.0563 0.0344 0.0271 0.0262 0.0263 
48th 
cycles 
Mean -0.0916 -0.0003 -0.0757 -0.0017 0.0005 
SD 0.0312 0.0330 0.0322 0.0364 0.0337 
 
 Figure 3.14 and Table 3.7 are the summary of thickness changes. Following 
results can be drawn from this figure: 
 1) In cleanser combined brushing group, the thickness is significant decrease 
compare to all other groups. This result shows the denture base is severely worn in this 
cleaning protocol, which combines soaking in cleanser and  
 2) In ultrasonic cleaning only group, the thickness drops less than all other 
treatment groups, and no significant difference can be found compared to control group. 
This result indicates ultrasound cleaning is not caused considerably worn on denture base 
and the damage is the least in all other cleaning protocols. 
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 Table 3.8 shows the summary of multiple comparison tests between each cleaning 
protocols in thickness changes. 
 
 Table 3.8 Summary of Multiple Comparison Tests P-values  









Cleanser + Brush vs. Brush 0.205 <0.001 0.225 N/A 
Cleanser + Ultrasound vs. 
Ultrasound 
0.014 0.987 0.993 N/A 
Cleanser + Brush vs.  
Cleanser + Ultrasound 
0.006 <0.001 <0.001 12th cycles 
Brush vs. Ultrasound 0.419 <0.001 <0.001 N/A 
Cleanser + Brush vs. Control 0.823 <0.001 <0.001 N/A 
Cleanser + Ultrasound vs. 
Control 
0.004 0.999 0.998 N/A 
Brush vs. Control 0.190 <0.001 <0.001 N/A 
Ultrasound vs. Control 0.483 0.977 0.991 N/A 
*When 𝑃 < 0.05 detected in the multiple comparison tests of Between-Subjects effects 
  
Only in the comparisons between cleanser combined brushing and cleanser 
combined ultrasonic cleaning groups, the main effect, which is the cleanser, is significant. 
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This result showed when cleanser applied brushing causes significant damage on denture 
base compare to ultrasonic cleaning. 
 The results are similar to the findings in surface roughness and weight changes, 
which indicate the loss of weight is homologous with surface roughness and weight 
changes. Compare to the surface roughness and weight changes, thickness changes 
results are the least obvious, which indicate thickness is even weaker detector than 




Table 3.9 Summary of Multiple Comparison Tests of Between-Subjects Effects  










Cleanser + Brush vs. Brush 0.374 0.185 0.128 0.135 
Cleanser + Ultrasound vs. 
Ultrasound 
N/A N/A N/A N/A 
Cleanser + Brush vs.  
Cleanser + Ultrasound 
0.028 0.006 0.002 0.001 
Brush vs. Ultrasound 0.278 0.433 0.797 0.887 
Cleanser + Brush vs. Control 0.342 0.971 0.247 0.109 
Cleanser + Ultrasound vs. 
Control 
N/A N/A N/A N/A 
Brush vs. Control 0.271 0.393 0.631 0.853 














Cleanser + Brush 14.923 15.543 15.927 15.593 15.767
Cleanser + Ultrasound 15.030 15.837 16.397 16.110 15.883
Brush 14.627 15.270 16.153 16.257 16.090
Ultrasound 15.100 15.707 15.763 15.663 15.847












Figure 3.15 Surface hardness of different cleaning methods 
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Brush Ultrasound Control 
Baseline 
Mean 14.923  15.030  14.627  15.100  14.580  
SD 0.524  0.477  0.409  0.467  0.640  
12th 
cycles 
Mean 15.543  15.837  15.270  15.707  15.120  
SD 0.556  0.566  0.602  0.712  0.784  
24th 
cycles 
Mean 15.927  16.397  16.153  15.763  15.523  
SD 0.709  0.544  0.960  0.979  0.664  
36th 
cycles 
Mean 15.593  16.110  16.257  15.663  15.843  
SD 0.642  0.518  0.690  0.468  0.551  
48th 
cycles 
Mean 15.767  15.883  16.090  15.847  16.073  
SD 0.502  0.850  0.618  0.573  0.637  
 
 Figure 3.15 and Table 3.10 are the summary of surface hardness changes for 
different cleaning methods.  
 In all groups, the surface hardness is raised. This result shows the denture base 





Table 3.11 Summary of Multiple Comparison Tests P-values  









Cleanser + Brush vs. Brush 0.462 <0.001 0.009 N/A 
Cleanser + Ultrasound vs. 
Ultrasound 
0.105 <0.001 0.202 N/A 
Cleanser + Brush vs.  
Cleanser + Ultrasound 
0.419 <0.001 <0.001 N/A 
Brush vs. Ultrasound 0.708 <0.001 0.014 N/A 
Cleanser + Brush vs. Control 0.529 <0.001 0.005 N/A 
Cleanser + Ultrasound vs. 
Control 
0.032 <0.001 0.001 N/A 
Brush vs. Control 0.236 <0.001 0.097 N/A 
Ultrasound vs. Control 0.328 <0.001 0.042 N/A 
*When 𝑃 < 0.05 detected in the multiple comparison tests of Between-Subjects effects 
 
 Table 3.11 shows the summary of multiple comparison tests between each 
cleaning protocols. In this table, the time effect is significant in all groups, which means 





Table 3.12 Summary of Multiple Comparison Tests of Between-Subjects Effects  










Cleanser + Brush vs. Brush 0.238 0.516 0.026 0.120 
Cleanser + Ultrasound vs. 
Ultrasound 
0.343 0.022 0.004 0.810 
Cleanser + Brush vs.  
Cleanser + Ultrasound 
0.210 0.012 0.077 0.869 
Brush vs. Ultrasound 0.382 0.109 0.072 0.446 
Cleanser + Brush vs. Control 0.138 0.148 0.306 0.210 
Cleanser + Ultrasound vs. 
Control 
0.011 0.002 0.255 0.469 
Brush vs. Control 0.782 0.072 0.306 0.927 




 Figure 3.16 is the summary of color changes for different cleaning methods. I all 
groups, the color changes are increased. This result shows the denture base color is 
changing with time in all cleaning protocol. 
  










Control 0.0000 0.1842 0.4415 0.3901 0.6905
Ultrasound 0.0000 0.2708 0.2946 0.2241 0.2368
Brush 0.0000 0.2823 0.2623 0.3201 0.2246
Cleanser + Ultrasound 0.0000 0.1954 0.1945 0.0428 0.4249
















Table 3.13 Summary of Multiple Comparison Tests P-values  









Cleanser + Brush vs. Brush 0.336 <0.001 0.111 N/A 
Cleanser + Ultrasound vs. 
Ultrasound 
0.654 <0.001 0.216 N/A 
Cleanser + Brush vs.  
Cleanser + Ultrasound 
0.654 <0.001 0.269 N/A 
Brush vs. Ultrasound 0.359 <0.001 0.406 N/A 
Cleanser + Brush vs. Control 0.083 <0.001 0.001 48th cycles 
Cleanser + Ultrasound vs. 
Control 
0.438 <0.001 0.265 48th cycles 
Brush vs. Control 0.014 <0.001 0.001 48th cycles 
Ultrasound vs. Control 0.092 <0.001 <0.001 48th cycles 
*When 𝑃 < 0.05 detected in the multiple comparison tests of Between-Subjects effects 
  
Table 3.13 shows the summary of multiple comparison tests between each 
cleaning protocols. In this table, the time effect is significant in all groups, which means 





Table 3.14 Summary of Multiple Comparison Tests of Between-Subjects Effects  










Cleanser + Brush vs. Brush 1.000 0.089 0.529 0.853 
Cleanser + Ultrasound vs. 
Ultrasound 
0.105 0.631 0.247 0.481 
Cleanser + Brush vs.  
Cleanser + Ultrasound 
0.315 0.247 0.165 0.971 
Brush vs. Ultrasound 0.247 0.143 0.529 0.796 
Cleanser + Brush vs. Control 0.218 0.739 0.247 <0.001 
Cleanser + Ultrasound vs. 
Control 
0.631 0.089 0.796 0.002 
Brush vs. Control 0.280 0.001 0.123 0.001 
Ultrasound vs. Control 0.143 0.019 0.165 0.003 
 
Table 3.15 is the summary results of this part. It shows cleanser combined 
brushing cleaning protocol causes the most significant damages of denture base resin, 






Table 3.15 Summary of Part I Results 
Experiments  Effectiveness  
Surface 
roughness 
Control ≤ Ultrasound ≤ Cleanser and Ultrasound < Brush < 
Cleanser and Brush 
Weight Changes 
Cleanser and Ultrasound ≤ Ultrasound ≤ Control ≤ Brush < 
Cleanser and Brush 
Thickness 
Changes 
Cleanser and Ultrasound ≤ Ultrasound ≤ Brush ≤ Control ≤ 
Cleanser and Brush 
Surface Hardness  
Cleanser and Ultrasound > Brush ≥ Control ≥ Ultrasound ≥ 
Cleanser and Brush 
Color Changes 
Cleanser and Brush ≥ Cleanser and Brush ≥ Brush ≥ Ultrasound ≥ 
Control 
>, < means the changes is statistics significant. 











2. Part II. Compare Staining Effects on Denture Resin. 
 Figure 3.17 is the summary of color changes for different staining. 
  
 This figure shows when the denture is soaking into tea and red wine beverage, the 
color changes are statistics significant different. This result shows these two beverages 
can stain denture base more obverse than coffee. 





Figure 3.17 Color changes of different staining 
Baseline 12th cycles 24th cycles 36th cycles 48th cycles
Coffee 0.0000 0.4983 0.5978 0.6179 0.8158
Tea 0.0000 1.3939 1.7815 2.5830 3.1325
Red wine 0.0000 0.7106 1.5214 2.5231 3.0334














Table 3.16 Summary of Multiple Comparison Tests P-values  









Coffee vs. Control <0.001 <0.001 <0.001 12th cycles 
Tea vs. Control <0.001 <0.001 <0.001 12th cycles 
Red wine vs. Control <0.001 <0.001 <0.001 12th cycles 
Tea vs. Coffee <0.001 <0.001 <0.001 12th cycles 
Red wine vs. Coffee <0.001 <0.001 <0.001 24th cycles 
Red wine vs. Tea 0.162 <0.001 0.054 N/A 
*When 𝑃 < 0.05 detected in the multiple comparison tests of Between-Subjects effects 
  
Following results can conclude from this table: 
 1) In all the comparisons between stain and control (water) groups, color changes 
are detected at the end of 12th cycles treatment. This result indicates the coloration of 








Table 3.17 Summary of Multiple Comparison Tests of Between-Subjects Effects  










Coffee vs. Control <0.001 <0.001 <0.001 <0.001 
Tea vs. Control <0.001 <0.001 <0.001 <0.001 
Red wine vs. Control <0.001 <0.001 <0.001 <0.001 
Tea vs. Coffee <0.001 <0.001 <0.001 <0.001 
Red wine vs. Coffee 0.148 <0.001 <0.001 <0.001 
Red wine vs. Tea <0.001 0.085 0.739 0.796 
 
 2) In the comparisons between tea, red wine and coffee, tea and red wine dye the 
denture base more efficient than coffee. This result shows the stating abilities vary in 
different beverages. 
 Comparing the SEM images of staining groups and control (water) groups, stain 
powders can be found in all staining samples. [Fig. 3.18, 3.19, 3.20, and 3.21] In tea 
staining groups, a stick layer of tea stain powders can be found, while in coffee staining 
groups, the layer of coffee stain powders is not obvious. 
 3) In the comparisons between tea and red wine groups, no significant difference 














Figure 3.19 SEM image of coffee staining groups sample (500X) 




Figure 3.21 SEM image of red wine staining groups sample (500X) 










Coffee 14.723 15.237 15.820 16.037 15.703
Tea 14.593 15.780 15.790 16.210 16.284
Red wine 14.443 15.127 15.513 15.607 15.127













 Figure 3.22 is the summary of surface hardness changes for different staining. 
Following results can be found from this table: 
 1) In red wine staining groups, the surface hardness is decreased significantly. 
This result shows red wine is not only dyeing denture base but also weaken it. The SEM 
image of red wine staining sample shows the small crack line in the denture resin surface. 
[Fig. 3.23] 
  
 2) In all other groups, the surface hardness is raised as the control groups. It is the 
same tends found in part I test.  
 Table 3.18 shows the summary of multiple comparison tests between each 
staining. 
Figure 3.23 SEM image of red wine staining groups sample (1500X) 
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Table 3.18 Summary of Multiple Comparison Tests P-values  









Coffee vs. Control 0.680 <0.001 0.022 N/A 
Tea vs. Control 0.239 <0.001 0.277 N/A 
Red wine vs. Control 0.235 <0.001 <0.001 48th cycles 
Tea vs. Coffee 0.302 <0.001 0.109 48th cycles 
Red wine vs. Coffee 0.066 <0.001 0.343 48th cycles 
Red wine vs. Tea 0.032 <0.001 0.044 36th cycles 
*When 𝑃 < 0.05 detected in the multiple comparison tests of Between-Subjects effects 
  
 In the comparisons between red wine and control (water) groups, the surface 
hardness significant drops at the end 48th cycles treatment. This result means 12 months 




Table 3.19 Summary of Multiple Comparison Tests of Between-Subjects Effects P-










Coffee vs. Control 0.725 0.224 0.424 0.118 
Tea vs. Control 0.127 0.381 0.171 0.362 
Red wine vs. Control 0.897 0.810 0.403 <0.001 
Tea vs. Coffee 0.207 0.905 0.469 0.011 
Red wine vs. Coffee 0.670 0.324 0.066 0.002 





 Figure 3.24 is the summary of surface roughness changes for different staining. 
This figure shows surface roughness raise in all groups. It indicates the denture base 
surface is rough by the stains. 
 Table 3.20 shows the summary of multiple comparison tests between each 
staining. 
Table 3.20 Summary of Multiple Comparison Tests P-values  









Coffee vs. Control 0.015 <0.001 0.120 48th cycles 
Tea vs. Control <0.001 <0.001 <0.001 12th cycles 
Figure 3.24 Surface roughness of different staining 
Baseline 12th cycles 24th cycles 36th cycles 48th cycles
Coffee 0.018 0.020 0.029 0.021 0.027
Tea 0.018 0.024 0.030 0.035 0.037
Red wine 0.020 0.020 0.025 0.026 0.039
















Red wine vs. Control <0.001 <0.001 <0.001 48th cycles 
Tea vs. Coffee 0.009 <0.001 <0.001 36th cycles 
Red wine vs. Coffee 0.145 <0.001 <0.001 48th cycles 
Red wine vs. Tea 0.151 <0.001 0.028 N/A 
*When 𝑃 < 0.05 detected in the multiple comparison tests of Between-Subjects effects 
 Following results can conclude from this table: 
 1) In all the comparisons between stain and control (water) groups, surface 
roughness resin is detected at the end of 48th cycles treatment. This result indicates the 
surface of denture is rough after 12 months usage of the denture in all kinds of beverages. 
[Table 3.21] 
 Table 3.21 Summary of Multiple Comparison Tests of Between-Subjects 










Coffee vs. Control 0.238 0.012 0.720 0.015 
Tea vs. Control 0.033 0.012 <0.001 <0.001 
Red wine vs. Control 0.230 0.170 0.107 <0.001 
Tea vs. Coffee 0.350 0.951 <0.001 0.009 
Red wine vs. Coffee 0.805 0.116 0.169 0.002 




 2) In the comparisons between tea, red wine and coffee, tea and red wine rough 
the denture base more efficient than coffee. This result shows the potential denture 
damage caused by tea and red wine.  
 3) In the comparisons between tea and red wine groups, no significant difference 
in denture base surface roughness finds between these two beverages.  
 The results are similar to the findings in color changes, which indicate the surface 
roughness changes is homologous with color changes. Compare to the color changes, 
surface roughness results are the least obvious, which indicate surface roughness is 





Figure 3.25 Weight changes of different staining 
Baseline 12th cycles 24th cycles 36th cycles 48th cycles
Coffee 0.0000 -0.0010 -0.0004 -0.0008 -0.0007
Tea 0.0000 -0.0002 -0.0003 -0.0004 -0.0009
Red wine 0.0000 0.0006 0.0002 -0.0003 0.0003










Figure 3.26 Thickness changes of different staining  
Baseline 12th cycles 24th cycles 36th cycles 48th cycles
Coffee 0.0000 0.0012 0.0034 0.0026 0.0031
Tea 0.0000 0.0001 -0.0015 -0.0028 -0.0024
Red wine 0.0000 -0.0009 -0.0014 -0.0008 0.0002















 Figure 3.25 and 3.26 shows the summary of weight and thickness changes for 
different staining. These two figures show no significant changes between stain and 
control (water) groups.  
Table 3.22 Summary of Multiple Comparison Tests P-values  









Coffee vs. Control 0.275 0.580 0.528 N/A 
Tea vs. Control 0.095 0.523 0.644 N/A 
Red wine vs. Control 0.071 0.481 0.709 N/A 
Tea vs. Coffee 0.444 0.009 0.140 N/A 
Red wine vs. Coffee 0.432 0.055 0.005 N/A 
Red wine vs. Tea 0.963 0.199 0.114 N/A 
*When 𝑃 < 0.05 detected in the multiple comparison tests of Between-Subjects effects 
Table 3.23 Summary of Multiple Comparison Tests P-values  









Coffee vs. Control 0.274 0.945 0.971 N/A 
Tea vs. Control 0.074 0.980 0.986 N/A 
Red wine vs. Control 0.067 0.995 0.983 N/A 
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Tea vs. Coffee 0.397 0.990 0.894 N/A 
Red wine vs. Coffee 0.579 0.970 0.948 N/A 
Red wine vs. Tea 0.687 0.961 0.962 N/A 
*When 𝑃 < 0.05 detected in the multiple comparison tests of Between-Subjects effects 
  
Table 3.22 and 3.24 shows the summary of multiple comparison tests between 
each staining and no significant difference can be detected. [Table 3.23 and 3.25] 
 
Table 3.24 Summary of Multiple Comparison Tests of Between-Subjects Effects  










Coffee vs. Control N/A N/A N/A N/A 
Tea vs. Control N/A N/A N/A N/A 
Red wine vs. Control N/A N/A N/A N/A 
Tea vs. Coffee 0.434 0.447 0.442 0.452 
Red wine vs. Coffee N/A N/A N/A N/A 







Table 3.25 Summary of Multiple Comparison Tests of Between-Subjects Effects  










Coffee vs. Control N/A N/A N/A N/A 
Tea vs. Control N/A N/A N/A N/A 
Red wine vs. Control N/A N/A N/A N/A 
Tea vs. Coffee N/A N/A N/A N/A 
Red wine vs. Coffee N/A N/A N/A N/A 
Red wine vs. Tea N/A N/A N/A N/A 
 
3. Part III. Compare Staining and Cleaning Effects on Denture Resin. 
 In this part, two variables are tested: four cleaning methods and three stains.  
 Figure 3.27-3.31 shows the summary results of surface roughness, surface 
hardness, color, weight, and thickness changes in different stains by different cleaning 
protocols. The patterns are similar in each test and consistent with the results found in 























Figure 3.27 Surface roughness changes of different cleaning methods in different staining. a. Control 










Cleanser + Brush 0.016 0.027 0.049 0.111 0.221
Cleanser + Ultrasound 0.016 0.023 0.032 0.030 0.041
Brush 0.020 0.025 0.035 0.071 0.087
Ultrasound 0.022 0.036 0.037 0.049 0.051


























Cleanser + Brush 0.016 0.023 0.042 0.100 0.203
Cleanser + Ultrasound 0.015 0.022 0.038 0.039 0.062
Brush 0.018 0.028 0.047 0.079 0.123
Ultrasound 0.018 0.021 0.035 0.035 0.038


























Cleanser + Brush 0.014 0.023 0.050 0.104 0.183
Cleanser + Ultrasound 0.015 0.018 0.030 0.034 0.044
Brush 0.016 0.018 0.043 0.052 0.063
Ultrasound 0.019 0.021 0.031 0.042 0.046


























Cleanser + Brush 0.014 0.031 0.046 0.103 0.162
Cleanser + Ultrasound 0.017 0.021 0.044 0.044 0.049
Brush 0.016 0.025 0.044 0.060 0.081
Ultrasound 0.018 0.019 0.024 0.039 0.040






































Figure 3.28 Surface hardness changes of different cleaning methods in different staining. a. Control (water); b. 










Cleanser + Brush 14.923 15.543 15.927 15.593 15.767
Cleanser + Ultrasound 15.030 15.837 16.397 16.110 15.883
Brush 14.627 15.270 16.153 16.257 16.090
Ultrasound 15.100 15.707 15.763 15.663 15.847





















Cleanser + Brush 14.623 15.527 16.063 16.080 16.133
Cleanser + Ultrasound 14.820 15.833 15.770 16.293 16.100
Brush 14.780 15.517 15.947 16.080 16.150
Ultrasound 14.567 14.937 15.427 15.353 15.423






















Cleanser + Brush 14.530 15.453 15.967 15.980 16.247
Cleanser + Ultrasound 14.687 15.483 16.153 15.783 15.917
Brush 14.587 15.200 15.777 16.177 16.003
Ultrasound 14.917 15.673 16.570 16.120 16.330





















Cleanser + Brush 14.647 15.190 15.513 15.510 15.087
Cleanser + Ultrasound 14.813 15.397 15.470 15.083 14.867
Brush 14.700 15.013 15.227 15.513 14.890
Ultrasound 14.693 14.863 15.567 15.183 14.813



















Figure 3.29 Color changes of different cleaning methods in different staining. a. Control (water); b. Coffee 










Control 0.0000 0.1842 0.4415 0.3901 0.6905
Ultrasound 0.0000 0.2708 0.2946 0.2241 0.2368
Brush 0.0000 0.2823 0.2623 0.3201 0.2246
Cleanser + Ultrasound 0.0000 0.1954 0.1945 0.0428 0.4249























Control 0.0000 0.5973 0.9391 0.6180 0.8151
Ultrasound 0.0000 0.2359 0.2573 0.3646 0.2862
Brush 0.0000 0.4089 0.4043 0.6352 0.3585
Cleanser + Ultrasound 0.0000 0.1583 0.0652 0.1972 0.1778























Control 0.0000 1.3939 1.7815 2.5830 3.1325
Ultrasound 0.0000 1.8044 2.0375 2.7108 3.9171
Brush 0.0000 0.5898 0.9448 1.3926 1.6392
Cleanser + Ultrasound 0.0000 0.3621 0.5406 0.3571 0.3304























Control 0.0000 0.7106 1.5214 2.5231 3.0334
Ultrasound 0.0000 1.1908 1.5911 2.3036 2.7637
Brush 0.0000 0.1255 0.5579 0.7715 1.0341
Cleanser + Ultrasound 0.0000 0.0953 0.4681 0.2784 0.4708





















Figure 3.30 Weight changes of different cleaning methods in different staining. a. Control (water); b. Coffee 










Cleanser + Brush 0.0000 -0.0355 -0.0528 -0.0706 -0.0885
Cleanser + Ultrasound 0.0000 0.0022 0.0006 0.0023 0.0018
Brush 0.0000 -0.0223 -0.0359 -0.0443 -0.0449
Ultrasound 0.0000 -0.0002 -0.0005 -0.0007 -0.0012























Cleanser + Brush 0.0000 -0.0348 -0.0525 -0.0709 -0.0794
Cleanser + Ultrasound 0.0000 -0.0001 0.0000 -0.0001 -0.0001
Brush 0.0000 -0.0188 -0.0372 -0.0456 -0.0528
Ultrasound 0.0000 0.0001 -0.0004 -0.0002 -0.0002























Cleanser + Brush 0.0000 -0.0353 -0.0529 -0.0710 -0.0797
Cleanser + Ultrasound 0.0000 0.0000 -0.0001 -0.0001 -0.0001
Brush 0.0000 -0.0174 -0.0349 -0.0447 -0.0528
Ultrasound 0.0000 0.0000 0.0001 -0.0007 -0.0010























Cleanser + Brush 0.0000 -0.0350 -0.0597 -0.0707 -0.0789
Cleanser + Ultrasound 0.0000 -0.0001 0.0000 0.0000 -0.0001
Brush 0.0000 -0.0184 -0.0379 -0.0491 -0.0555
Ultrasound 0.0000 -0.0015 -0.0015 -0.0015 -0.0012




















Figure 3.31 Thickness changes of different cleaning methods in different staining. a. Control (water); b. Coffee 











Cleanser + Brush 0.0000 -0.0231 -0.0506 -0.0776 -0.0916
Cleanser + Ultrasound 0.0000 -0.0002 -0.0005 -0.0006 -0.0003
Brush 0.0000 -0.0280 -0.0420 -0.0614 -0.0757
Ultrasound 0.0000 0.0003 -0.0001 -0.0014 -0.0017



















Cleanser + Brush 0.0000 -0.0251 -0.0379 -0.0624 -0.0719
Cleanser + Ultrasound 0.0000 -0.0013 -0.0014 -0.0014 -0.0010
Brush 0.0000 -0.0308 -0.0424 -0.0519 -0.0574
Ultrasound 0.0000 -0.0005 -0.0021 -0.0032 -0.0035




















Cleanser + Brush 0.0000 -0.0250 -0.0449 -0.0539 -0.0582
Cleanser + Ultrasound 0.0000 0.0004 -0.0004 0.0002 -0.0001
Brush 0.0000 -0.0303 -0.0449 -0.0537 -0.0598
Ultrasound 0.0000 0.0001 -0.0008 -0.0003 -0.0009




















Cleanser + Brush 0.0000 -0.0114 -0.0273 -0.0451 -0.0483
Cleanser + Ultrasound 0.0000 0.0000 -0.0001 0.0001 -0.0001
Brush 0.0000 -0.0246 -0.0437 -0.0558 -0.0664
Ultrasound 0.0000 0.0008 -0.0005 -0.0005 -0.0047














Comparisons Control (water) Coffee Tea Red Wine 
Cleanser + 
Brush 
    
Cleanser + 
Ultrasound 
    
Brush 
    
Ultrasound 
    
Control (no 
treatment) 
    
Figure 3.32 SEM images of all groups at the end of treatment (500X). 
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 Figure 3.32 shows the SEM images of all 20 groups at the end of treatment. 
Scratch, defect, and cavity can be found, and they are following the same patterns in part 
I and II. 
 Table 3.26-3.30 shows the summary results of multiple comparison tests P-values 
between each cleaning methods and stains in surface roughness, surface hardness, color, 
weight, and thickness changes in different stains by different cleaning protocols. The 

















Table 3.26 Summary of Multiple Comparison Tests P-values Between Each 










Cleanser + Brush 
vs. Brush 
Control 0.005 <0.001 0.004 36th cycles 
Coffee <0.001 <0.001 <0.001 36th cycles 
Tea 0.001 <0.001 <0.001 24th cycles 




Control 0.980 0.002 0.710 N/A 
Coffee 0.045 0.011 0.521 N/A 
Tea 0.002 0.009 0.673 N/A 
Red wine 0.605 <0.001 0.844 N/A 




Control <0.001 <0.001 <0.001 24th cycles 
Coffee <0.001 <0.001 <0.001 24th cycles 
Tea <0.001 <0.001 <0.001 12th cycles 
Red wine <0.001 <0.001 <0.001 24th cycles 
Brush vs. 
Ultrasound 
Control <0.001 <0.001 <0.001 12th cycles 
Coffee <0.001 <0.001 <0.001 24th cycles 
Tea 0.002 <0.001 <0.001 36th cycles 
Red wine <0.001 <0.001 <0.001 24th cycles 
Control <0.001 <0.001 <0.001 12th cycles 
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Cleanser + Brush 
vs. Control 
Coffee <0.001 <0.001 <0.001 24th cycles 
Tea <0.001 <0.001 <0.001 24th cycles 




Control 0.169 0.012 0.534 N/A 
Coffee 0.011 <0.001 0.545 N/A 
Tea <0.001 <0.001 0.005 12th cycles 
Red wine 0.361 <0.001 0.282 N/A 
Brush vs. Control 
Control <0.001 <0.001 <0.001 12th cycles 
Coffee <0.001 <0.001 <0.001 24th cycles 
Tea 0.013 <0.001 <0.001 36th cycles 
Red wine <0.001 <0.001 <0.001 24th cycles 
Ultrasound vs. 
Control 
Control 0.141 0.004 0.684 N/A 
Coffee 0.585 0.002 0.367 N/A 
Tea 0.009 <0.001 0.005 36th cycles 
Red wine 0.679 <0.001 0.643 N/A 






Table 3.27 Summary of Multiple Comparison Tests P-values Between Each 










Cleanser + Brush 
vs. Brush 
Control 0.336 <0.001 0.111 N/A 
Coffee <0.001 <0.001 0.015 12th cycles 
Tea 0.001 <0.001 <0.001 24th cycles 




Control 0.654 <0.001 0.216 N/A 
Coffee 0.547 <0.001 0.118 N/A 
Tea <0.001 <0.001 <0.001 12th cycles 
Red wine <0.001 <0.001 <0.001 12th cycles 




Control 0.654 <0.001 0.269 N/A 
Coffee 0.339 <0.001 0.396 N/A 
Tea 0.386 <0.001 0.551 N/A 
Red wine 0.084 <0.001 0.050 48th cycles 
Brush vs. 
Ultrasound 
Control 0.359 <0.001 0.406 N/A 
Coffee 0.097 <0.001 0.114 48th cycles 
Tea <0.001 <0.001 <0.001 12th cycles 
Red wine <0.001 <0.001 <0.001 12th cycles 
Control 0.083 <0.001 0.001 48th cycles 
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Cleanser + Brush 
vs. Control 
Coffee <0.001 <0.001 <0.001 12th cycles 
Tea <0.001 <0.001 <0.001 12th cycles 




Control 0.438 <0.001 0.265 48th cycles 
Coffee <0.001 <0.001 <0.001 48th cycles 
Tea <0.001 <0.001 <0.001 12th cycles 
Red wine <0.001 <0.001 <0.001 12th cycles 
Brush vs. Control 
Control 0.014 <0.001 0.001 48th cycles 
Coffee 0.084 <0.001 0.001 N/A 
Tea 0.001 <0.001 0.004 12th cycles 
Red wine <0.001 <0.001 <0.001 12th cycles 
Ultrasound vs. 
Control 
Control 0.092 <0.001 <0.001 48th cycles 
Coffee 0.005 <0.001 <0.001 48th cycles 
Tea 0.105 <0.001 0.205 N/A 
Red wine 0.987 <0.001 0.084 N/A 






Table 3.28 Summary of Multiple Comparison Tests P-values Between Each 










Cleanser + Brush 
vs. Brush 
Control 0.462 <0.001 0.009 N/A 
Coffee 0.960 <0.001 0.873 N/A 
Tea 0.590 <0.001 0.354 N/A 




Control 0.105 <0.001 0.202 N/A 
Coffee 0.004 <0.001 0.106 36th cycles 
Tea 0.108 <0.001 0.859 N/A 
Red wine 0.639 <0.001 0.101 N/A 




Control 0.419 <0.001 <0.001 N/A 
Coffee 0.680 <0.001 0.256 N/A 
Tea 0.848 <0.001 0.171 N/A 
Red wine 0.587 <0.001 0.021 N/A 
Brush vs. 
Ultrasound 
Control 0.708 <0.001 0.014 N/A 
Coffee 0.008 <0.001 0.358 24th cycles 
Tea 0.063 <0.001 0.155 N/A 
Red wine 0.856 <0.001 0.148 N/A 
Control 0.529 <0.001 0.005 N/A 
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Cleanser + Brush 
vs. Control 
Coffee 0.298 <0.001 0.286 48th cycles 
Tea 0.663 <0.001 0.426 N/A 




Control 0.032 <0.001 0.001 N/A 
Coffee 0.103 <0.001 0.134 48th cycles 
Tea 0.588 <0.001 0.101 N/A 
Red wine 0.844 <0.001 0.003 N/A 
Brush vs. Control 
Control 0.236 <0.001 0.097 N/A 
Coffee 0.219 <0.001 0.388 48th cycles 
Tea 0.437 <0.001 0.363 N/A 
Red wine 0.642 <0.001 0.183 N/A 
Ultrasound vs. 
Control 
Control 0.328 <0.001 0.042 N/A 
Coffee 0.048 <0.001 0.367 N/A 
Tea 0.437 <0.001 0.105 N/A 
Red wine 0.584 <0.001 0.082 N/A 






Table 3.29 Summary of Multiple Comparison Tests P-values Between Each 










Cleanser + Brush 
vs. Brush 
Control 0.270 <0.001 <0.001 48th cycles 
Coffee 0.082 <0.001 <0.001 36th cycles 
Tea 0.424 <0.001 <0.001 N/A 




Control 0.008 0.963 0.994 N/A 
Coffee 0.101 0.485 0.541 N/A 
Tea 0.321 0.749 0.768 N/A 
Red wine 0.408 0.190 0.239 N/A 




Control <0.001 0.026 0.021 12th cycles 
Coffee 0.076 <0.001 <0.001 24th cycles 
Tea 0.005 <0.001 <0.001 12th cycles 
Red wine 0.018 <0.001 <0.001 24th cycles 
Brush vs. 
Ultrasound 
Control 0.875 <0.001 <0.001 N/A 
Coffee 0.058 <0.001 <0.001 24th cycles 
Tea 0.207 <0.001 <0.001 N/A 
Red wine 0.562 <0.001 <0.001 N/A 
Control 0.162 <0.001 <0.001 36th cycles 
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Cleanser + Brush 
vs. Control 
Coffee 0.030 <0.001 <0.001 24th cycles 
Tea 0.060 <0.001 <0.001 24th cycles 




Control 0.004 0.949 0.942 N/A 
Coffee 0.503 <0.001 <0.001 N/A 
Tea 0.385 0.194 0.278 N/A 
Red wine 0.823 0.327 0.212 N/A 
Brush vs. Control 
Control 0.933 <0.001 <0.001 N/A 
Coffee 0.342 <0.001 <0.001 N/A 
Tea 0.178 <0.001 <0.001 N/A 
Red wine 0.165 <0.001 <0.001 36th cycles 
Ultrasound vs. 
Control 
Control 0.744 0.502 0.717 N/A 
Coffee 0.297 0.062 0.049 N/A 
Tea 0.920 0.631 0.868 N/A 
Red wine 0.328 0.216 0.119 N/A 






Table 3.30 Summary of Multiple Comparison Tests P-values Between Each 










Cleanser + Brush 
vs. Brush 
Control 0.205 <0.001 0.225 N/A 
Coffee 0.442 <0.001 0.628 N/A 
Tea 0.954 <0.001 0.943 N/A 




Control 0.014 0.987 0.993 N/A 
Coffee 0.110 0.961 0.978 N/A 
Tea 0.291 0.998 1.000 N/A 
Red wine 0.725 0.890 0.898 N/A 




Control 0.006 <0.001 <0.001 12th cycles 
Coffee 0.129 0.020 0.023 48th cycles 
Tea 0.071 <0.001 <0.001 24th cycles 
Red wine 0.268 0.005 0.005 48th cycles 
Brush vs. 
Ultrasound 
Control 0.419 <0.001 <0.001 N/A 
Coffee 0.009 0.185 0.255 N/A 
Tea 0.170 <0.001 <0.001 N/A 
Red wine 0.348 0.001 0.002 N/A 
Control 0.823 <0.001 <0.001 N/A 
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Cleanser + Brush 
vs. Control 
Coffee 0.102 0.035 0.021 36th cycles 
Tea 0.214 <0.001 <0.001 N/A 




Control 0.004 0.999 0.998 N/A 
Coffee 0.709 0.992 0.963 N/A 
Tea 0.512 0.993 0.995 N/A 
Red wine 0.759 0.993 0.992 N/A 
Brush vs. Control 
Control 0.190 <0.001 <0.001 N/A 
Coffee 0.212 0.001 <0.001 24th cycles 
Tea 0.134 <0.001 <0.001 N/A 
Red wine 0.389 <0.001 <0.001 N/A 
Ultrasound vs. 
Control 
Control 0.483 0.977 0.991 N/A 
Coffee 0.292 0.988 0.926 N/A 
Tea 0.729 0.976 0.992 N/A 
Red wine 0.966 0.949 0.906 N/A 

























Figure 3.33 Photo images of all groups at the end of treatment (1). From left to right: 















Figure 3.34 Photo images of all groups at the end of treatment (2). From left to right: 





 Figure 3.33 and 3.34 shows the color images of samples at the end of treatments. 
It visually compares the discoloration effects of different cleaning methods in different 
stains.  
 For different cleaning methods, they have complex ability to remove the stains 
and to create defection of the denture at the same time.  
 
 In Figure 3.35, it shows the results of surface roughness changes of different 
cleaning methods at the end of treatments, which simulate 12 months usage of denture 
following different cleaning protocol. It is shown that for all stains, cleanser, and brush 
combined cleaning, which ADA recommend, always causes the maximum damage. 
Figure 3.35 Surface roughness changes of different cleaning methods in stains at 
48th cycles 
Coffee Tea Red Wine
Brush 0.047 0.067 0.106
Ultrasound 0.026 0.029 0.020
Cleanser + Brush 0.169 0.205 0.187
Cleanser + Ultrasound 0.029 0.025 0.047













Meanwhile, ultrasound and cleanser ultrasound cleaning methods cause the minimum 
defects.  
  
In Figure 3.36, it shows the results of color changes of different cleaning methods 
at the end of treatments. For all stains, cleanser ultrasound and cleanser brush cleaning 
methods have the best discoloration ability.  
 Table 3.31 is the summary results of multiple comparison tests of all groups. The 
result shows the conflicts of discoloration and defection abilities of different cleaning 
protocols.  
 
Figure 3.36 Color changes of different cleaning methods in stains at 48th cycles. 
Coffee Tea Red Wine
Brush 0.3585 1.6392 1.0341
Ultrasound 0.2862 3.9171 2.7637
Cleanser + Brush 0.2500 0.0833 0.2674
Cleanser + Ultrasound 0.1778 0.3304 0.4708


















Table 3.31 Summary of Part III Results 























































































































































> , < means the changes is statistics significant. 
≥ , ≤ means the changes is not statistics significant.  
 
 Depending on the finding found in part I and II, the desirability and priority of the 
test are determined and exported to Least Squares Fit Model in statistics software. Figure 
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3.36, 3.37, and 3.38 show the best selections of cleaning methods for different stains. 
Following results can be found: 
 1) For coffee stains, cleanser combined ultrasound cleaning protocol cause minor 
damage to denture physical properties and have sufficient treatment to remove the stains. 
 2) For tea stains, cleanser combined ultrasound cleaning protocol cause minor 
damage to denture physical properties and have the adequate efficiency to remove the 
stains. 
 3) For red wine stains, ultrasonic cleaning only is the best method to remove the 

















Figure 3.38 Least squares prediction profiler for cleaning protocol selection 




Figure 3.39 Least squares prediction profiler for cleaning protocol selection of 




 This study firstly evaluated the effectiveness of mechanical denture cleaning 
methods versus the combination of mechanical and chemical processes on denture base 
material. Current understanding of the effects of different denture cleaning methods on 
physical property is limited.[1, 2] Although there are numerous studies reported the surface 
change on different combination of cleaning methods, no previous research appears to 
evaluate the interaction between these methods.[3] Secondly, in this study different stains 
are adding into the consideration of influence denture base material physical properties. 
Studies considering staining beverages only as the coloration solution for discoloration 
test, no previous research evaluate the physical affection of different liquors on denture 
base material.[4] Finally, with the help of statistics software, this study shows the best 
denture cleaning selection for different stains. To the best of our knowledge, this is the 
first in vitro study to present the substantial statistics evidence for the selection of denture 
cleaning protocol. 
 Four cleaning protocols are evaluated in this study, ultrasound combined denture 
cleanser, brushing combine denture cleanser, ultrasound cleaning only, and brushing 
only. The selection of these cleaning protocols depends on the clinical preference. 
Brushing cleaning only is most popular cleaning methods by most of the patients and 
combine brushing with denture cleanser is recommended by ADA for denture patients.[5] 
Ultrasonic cleaning methods are favorable by the patients with physical limitations and 
combine ultrasound with denture cleanser is one of the solutions for heavy staining 
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dentures. We do not test cleanser only protocol in this study because denture cleanser 
should be properly removed from denture base after soaking.  
 The selection of materials in this study is limited. In the pilot studies, two denture 
cleansers are evaluated, and no significant difference can be found in the physical 
properties tested in this study. Although it is reported that the cleanser contains alkaline 
peroxides and neutral peroxides have different efficiency in denture cleaning, the main 
differences of denture cleansers are the effects of removing biofilm.[6] In stain 
removability and discoloration of the denture, no report shows variables by different 
cleansers. For limiting the variables and concentrate on the comparisons of cleaning 
protocols, specific denture base material and denture cleanser are used in this study. 
 
1. Surface Roughness Changes 
 The roughness of the denture acrylic surface is the most critical indicator of 
damage and abrasion on the denture. It is the first alarm of defection on denture base.[7]  
The surface roughness test run by profilometer is the most generally used methods.  
 Multiple factors can explain the changes in surface roughness. The changes in 
brushing groups because of the scratching and wearing by the toothbrush. The SEM 
image can verify this factor as the scratching on the surface is lining and parallel. The 
changes in the denture cleanser groups because of leaching out of plasticizers due to the 
effect of denture cleanser.[8] As the peroxide in the denture cleanser enabling a 
mechanical cleaning by release oxygen, the small bubbles will continually hit inside the 
porous of denture acrylic and bring out the plasticizers, which lead the changes in surface 
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roughness. The changes in the ultrasonic cleaning groups because of the ultrasonic 
vibrations weaken the crosslinking structures in the denture acrylic. The ultrasonic 
vibration not only weakens the crosslink by the sound waves but also create mini bubbles 
to bring out plasticizers at the same time. By the results found in this study, the strength 
of these facts can be evaluated and weighted.  
 As the cleanser combine brushing groups shows the highest change of surface 
roughness and brushing only groups increase the surface roughness significantly. The 
scratch by brushing is the most critical factors that cause denture surface rough. Compare 
the results of cleanser combine ultrasound and ultrasonic cleaning groups. Cleanser effect 
is the second important factor while ultrasonic vibration is the least important factor for 
denture acrylic surface roughness increases. Also, when we compare the results of 
cleanser combined ultrasound and cleanser combined brushing, it shows the interaction of 
cleanser and ultrasound is significantly lower than the interaction of cleanser and 
brushing. 
 When considering the stain affection on denture base resin, the consideration of 
surface roughness changes is more complicated. In Part II of this study, all staining 
groups are found a significant increase in the surface roughness of denture base, but tea 
and red wine contribute more changes than coffee. Compare the result with color 
changes. Tea stain can consider being the most efficient stain so the staining of tea 
powders can expect the roughness changes. Red wine contains alcohol which can damage 
the denture acrylic due to the disintegrate of the cross-link structures. The result of 
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surface roughness in red wine staining is comparable to red wine also cause the decrease 
in surface roughness of denture acrylic. 
 Bollen et al.[7] and Abuzar et al.[8] found that Ra value of 0.2 μm is the threshold 
surface roughness value for microbial retention. Bacterial could be attached significant 
easily in the surface rougher than this threshold, and bacterial accumulation could be 
expected. The surface with roughness above this threshold resulted in a simultaneous 
increase in plaque accumulation. Any surface smoother than this threshold roughness are 
considered clinically smooth and acceptable for material using in bacterial environment. 
In this study, only surface roughness change of cleanser combine brushing group in tea 
staining was not within the clinically accepted range of surface roughness. The surface 
roughness of all other groups was found to be in clinically acceptable range. 
 
2. Surface Hardness Changes 
 Increase in surface hardness of denture base acrylic is found in all groups 
including the control group, and the explanations are various. The most popular reasons 
are the continues polymerization reaction.[9] As the denture resin cannot 100% 
polymerization at the time of delivery and temperature will change during treatments and 
experiments, the polymerization can continue to react which raise the surface hardness of 
denture.  
 However, Porwal et al.[10] reported that the hardness and strength of denture 
acrylic resin are increasing with the time, the second explanation of this phenomenon is 
the monomer release. Hersek N et al.[11] reported that the surface hardness is increasing 
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less in high impact resin than conventional heat curable resin. The high impact resin has 
less residual monomer than conventional heat cure resin, which corresponded with the 
tends of surface hardness changes. Also, with the loss of monomer inside the denture 
resin, the hardness of resin is decreased.  
 Another explanation for the change of surface hardness is the combination of 
monomers with free active radicals by bonding with liberated oxygen. Pinto Lde et al.[9] 
reported that polyamide resins which have no residual monomer, have higher mechanical 
resistance than conventional heat cure resins, so they show less increase in surface 
hardness. In summary, the expectation of denture base acrylic is hardened in the surface 
and weakened inside with the time.  
 In the comparison of different stains, red wine shows significate decrease of 
surface hardness. This result is comparable with the surface hardness, which indicates red 
wine is not only dyeing denture base but also weaken it. Furthermore, SEM found a 
significant defect in denture surface in red wine stain specimens. It indicates the change 
of surface hardness is caused by the disintegrate of the cross-link structures by the 
alcohol contained in red wine. This defection is not processing quickly. According to our 
result, the defection can only detect at the end of 12-months usage of the denture, which 
means only frequently drinkers need to aware of this defection. 
 
3. Color Changes 
 The discoloration abilities of different cleaning methods are the indicator of 
cleaning efficacy by the different protocol. The difference in color changes of denture 
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base resin by different cleaning methods in different strains can be attributed to their 
composition and the solution in which they were immersed.  
 Denture cleanser is considered as an essential factor to remove the stains. 
According to Sato et al.[12] study, denture cleansers cause loss of soluble component and 
plasticizers from the denture base resins. A higher ionic concentration of denture 
cleansers compared to water led to a higher release of soluble components. After the loss 
of elements in resin, denture acrylic can absorb water and other salivary components, 
which leads to surface roughness and color change. 
 Brushing are considered more efficient than ultrasound in denture resin 
discoloration. Ultrasonic agitation only is not an efficient method for the removal of 
coffee staining, since ultrasonic treatment itself does not cause a significant reduction of 
the staining powder on the denture base surface. This result was consistent with a study 
done by Nyquist and Anthony.[13, 14] However, in the present study, ultrasonic treatment 
is found efficient for removal of red wine staining, the function of this effect is unknown. 
Meanwhile, ultrasonic treatment of denture with denture cleanser increase the 
discoloration effectiveness and does not deteriorate the polish denture surface. Ultrasonic 
energy boosts the peroxide release from denture cleanser, which improved denture 
cleanser efficiency of discoloration.  This result was consistent with a study done by 
Smith.[15]  
 Further, the color changes are also an indicator of defection and damage of 
denture base resin. According to Porwal et al.[10] study, it reports denture cleanser could 
cause the color changes on denture base resin without staining. Even though this change 
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is not significant, they explain that these color changes are attributed to the chemical 
effect of perborate denture cleanser along with oxygen release through effervescent 
effect. The sodium perborate denture cleanser release oxygen and has a high dissolving 
impact on plasticizers and loosens debris through mechanical means. Therefore, the use 
of this denture cleanser causes hydrolysis and decomposition of the polymerized acrylic 
resin itself.[16] Further, Paranhos et al.[17] and Nikawa et al.[18] observed that high peroxide 
content and level of oxygenation in the strongly alkaline solution is a damaging factor for 
denture base materials. 
 The color change remark (∆E) has been quantified by the National Bureau of 
Standards (NBS), NBS units are expressed by the following formula: NBS unit = ∆E × 
0.92.[19] NBS unit value over one was considered perceivable by the human eye. 
Differences above 3.7 NBS unit are rated a “mismatch” and regarded as clinically 
unacceptable. In present study, NBS unit of color difference for following groups are 
over one unit: brushing only in tea staining (1.5080), ultrasound only in tea staining 
(3.6037), ultrasound only in red wine staining (2.5426), no treatment in tea staining 
(2.8819), and no treatment in red wine staining (2.7907). In the present study, color 
changes of all denture base resins were within the clinically accepted range for color 
difference. 
 
4. Weight and Thickness Changes 
 In the present study, it shows the weight and thickness changes are following the 
same pattern. Also, these changes are consistent with the findings in surface roughness 
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and color changes but not following the changes in surface hardness. It clearly indicates 
the weight and thickness changes represent the wear and stain attached situation while the 
defection of denture resin is minimal responsible for these changes.  
 The weight and thickness changes are similar with the findings in surface 
roughness and color changes, which indicate the loss of weight and thickness is 
homologous with surface roughness and color changes. Compare to the surface roughness 
and color changes, weight and thickness changes results are the least obvious, which 
indicate thickness and weight changes are weaker detectors than surface roughness and 
color changes in this study. 
 
5. Statistics Factorial Optimization 
 In part III, Least Squares Fit Model is used to select the best cleaning methods for 
denture base resin in different stains. Priority of the tests is setting for clarifying the 
importance of various test results in the model. The desirability of the effects of the tests 
is setting for specifying the expectation of different test results in the model.  
 Surface roughness changes are considered to be the most crucial factor in 
selecting the best cleaning methods. The changes in surface roughness are not only the 
most significant but also an essential element for evaluating denture base resin surface 
properties. Also, the minimal surface roughness changes are expected for ideal denture 
cleaning methods.  
 Color changes are considered to be the second factor for selecting the best 
cleaning methods. The changes in color are significant and show the cleaning efficiency 
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of different cleaning protocols. The minimal color changes are expected for ideal denture 
cleaning methods.  
 Surface hardness changes are considered to be the third factor for selecting the 
best cleaning methods. The changes of surface hardness are significant and indicate the 
quality of denture base resin. Meanwhile, the maximal surface hardness changes are 
expected for ideal denture cleaning methods.  
 Weight and thickness changes are considered to be the least two critical factors 
for selecting the best cleaning methods. The changes in weight and thickness are not 
significant and less sensitive than other tests. Also, the desirability of these results are no 
changes for ideal denture cleaning methods. 
 
6. Clinical Implications 
 In the clinic, home-care and cleaning protocol should explain to denture patient at 
the delivery appointment. Instead of giving the universal instruction, customization 
cleaning protocols are preferred to individual patients. Social hobbies especially diet of 
the patient should be analyzed individually. According to the present study, a customized 
combined cleaning protocol can recommend to the individual patient and the 
improvement of denture longevity can be predicted. 
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V. CONCLUSIONS  
 Within the limitation of the present study, the following conclusions were made:  
 For coffee and tea stains, ultrasonic cleaning after denture cleanser application 
causes fewer effects on physical properties and better efficiency for stain removal than 
other cleaning methods.  
 For red wine stains, cleaning dentures with ultrasonic cleaning only causes fewer 
effects on physical properties and more efficient stain removal. 
 Cleanser combined brushing clean protocol causes maximal defects for the 
denture base acrylic. 
 Ultrasonic cleaning only protocol causes minimal defects for the denture base 
acrylic. 
 Tea is the strongest staining effect on denture base resin.  
 Red wine can soften the denture base resin. 
 
 Ultrasonic combined denture cleanser protocol can be safely used for denture 
cleaning.  
 Denture cleanser combined brushing cleaning methods should be used with 
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